ABSTRACT This study aimed to evaluate the impact of oxidative modification on soybean meal (SBM) proteins after exposure to different heating times, and the effects of the oxidized SBM on the growth performance [average daily feed intake (ADFI), average daily gain (ADG), and feed to gain ratio (F: G)], oxidative redox status [(reactive oxygen species (ROS), total antioxidant capacity (TAC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), and protein carbonyl (PC)]. A total of 400 one-day-old Arbor Acres chicks were randomly divided into 5 treatment groups with 8 replicates of 10 birds each. Birds in the control group (CON) were fed diet containing non-heated SBM, and those in the treatment groups were fed SBM heated at 100
INTRODUCTION
Proteins are an important component of animal feed and play an indispensable role as the structural and functional components of living systems. Amino acids (AA) serve as building blocks of all vital organs, muscles, hormones, and biological fluids. Therefore, a constant supply of good-quality proteins is needed for maintaining growth and other physiological functions (Boye et al., 2012) . Numerous studies have focused on establishing methods for evaluating protein quality. The quality of proteins is mainly determined using the following methods: in vivo/in vitro protein digestibility, protein efficiency ratio, AA score, net protein ratio, protein rating, net protein utilization, biological value, nitrogen balance, protein digestibility corrected AA score, etc. (FAO/WHO/UNU Expert Consultation, 1985; FAO/WHO Expert Consultation, 1991; Addo et al., 1996; Sarwar, 1997; Gilani C and Sepehr, 2003; WHO/FAO/UNU, 2007) . Recently, feed protein oxidation has attracted considerable attentions. Protein oxidation is defined as the covalent alteration of a protein that is induced either directly by reactive oxygen species (ROS) or indirectly by reaction with secondary by-products of oxidative alteration (Shacter, 2000) . Protein oxidation is accelerated by processes such as heating and grinding, which introduce molecular oxygen and then mix oxidants with protein, lipids, or other susceptible food components (Korhonen et al., 1998; Hua et al., 2005) . Protein oxidation can lead to harmful changes of protein such as the oxidative modification of AA residues or peptide chains, resulting in protein fragmentation, crosslinking, unfolding, and conformational changes (Davies, 2005) . The technological processes and storage conditions for feed and food are similar; therefore, feed has the same risk of oxidation. Several studies on feed and food have revealed that heat oxidation can influence the functional properties of wheat peptides and soy protein isolates, and directly alter their structures, leading to the loss of antioxidant potency both in vitro and in vivo (Tang et al., 2012a,b; Wu et al., 2014; Zhang et al., 2017) . These studies indicate that the oxidative modification of soy proteins or peptides can induce excessive ROS production in vivo and cause oxidative stress. The ROS such as superoxide anions, hydrogen peroxide, and hydroxyl radicals consist of radicals and non-radical oxygen species formed by the partial reduction of oxygen (Apel and Hirt, 2004) . When ROS levels exceed the capacity of the cellular antioxidant defense system, owing to the increase in ROS levels or decrease in the cellular antioxidant capacity, oxidative stress occurs (Ray et al., 2012) . Normally, ROS levels are tightly controlled by an inducible antioxidant program that responds to cellular stressors and is predominantly regulated by the transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2), and its repressor protein, Kelch-like epichlorohydrin-associated protein 1 (Keap1; DeNicola et al., 2011) . Oxidative stress results in direct or indirect ROS-mediated damage of nucleic acids, proteins, and lipids. Among these targets, lipid peroxidation is particularly more damaging because it leads to facile propagation of free radical reactions (Cejas et al., 2004) . Oxidative reaction products can be easily transferred from lipids to proteins due to the strong interaction between lipids and proteins (Haberland et al., 1988; Kim et al., 1997) . The level of these modified molecules can be quantified by measuring the malondialdehyde (MDA) and protein carbonyl (PC) contents (Draper and Hadley, 1990; Shacter, 2000) . To avoid cellular damage by ROS, most biological systems have developed numerous antioxidants that can convert ROS to unreactive derivatives. These include many antioxidant enzymes such as superoxide dismutase (SOD), catalase, and glutathione peroxidase (GSH-Px; Shacter, 2000) . The accumulation of ROS is prevented by several enzymatic antioxidants (Matés et al., 1999a,b) . Therefore, during oxidative stress, the defense system changes the regulation and expression of these enzymes (Dal-Pizzol et al., 2001; Arsova-Sarafinovska et al., 2009) .
The soybean meal (SBM) is an important feed ingredient for broiler chickens (Marco et al., 2015) due to its high crude protein (CP) content and excellent AA profile (Ravindran et al., 2014) . Previous study indicated that protein oxidation of SBM could be induced by heating . It is known that the chemical composition, digestibility, protein solubility index, AA composition, and anti-nutritional factors can affect the quality of SBM (van Kempen et al., 2002; Opapeju et al., 2006; González-Vega et al., 2011; Jannathulla et al., 2017) . However, information regarding the effect of the oxidative modification of SBM proteins in feed on its in vivo antioxidant capacity is scare. Oxidative modification of protein structure has been implicated in the compromised quality and bioavailability of feeds (Saeed et al., 2006; Zhang et al., 2016) . Therefore, this study aimed to evaluate the impact of oxidative modification on SBM proteins after exposure to different heating time and the effects of feeding the oxidized proteins on oxidative redox status and growth performance of broilers.
MATERIALS AND METHODS

Chemicals
The SBM was purchased from Yihai Olis & Grains Ind. Co., Ltd. (Jiangsu, P. R. China). The moisture, CP, ether extract, and ash contents of SBM were 11.91, 47.92, 1.07, and 5.34%, respectively. All analyses were performed as per the Association of Official Analytical Chemists procedures (AOAC, 1990) . The 2,4-dinitrophenylhydrazine (DNPH) used in PC content determination was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, P. R. China). All other chemicals used in the experiments were of analytical grade.
Heat Treatment of SBM
The SBM was placed on glass plates and dry heated in an oven at 100
• C for 1, 2, 4, and 8 h (heated SBM, HSBM-1, -2, -4, and -8 h), respectively, and then airdried and stored at 4
• C, according to previously published methods (Tang et al., 2012a,b; Wu et al., 2014) . The dry matter (DM) content in the HSBMs was 97.54, 97.54, 98.13, and 98.65%, respectively. In this study, the DM content of non-heated SBM (NHSBM) and HSBMs was calibrated to the same level during the feed manufacture process. The PC content for NHSBM and HSBMs was analyzed immediately after the heat treatment.
PC Content Determination
The PC content in the NHSBM and HSBMs was determined according to the method of Levine et al. (1990) with slight modifications by using DNPH reagent. Briefly, samples were treated with DNPH and dissolved in HCl. The reaction mixtures were allowed to stand for 1 h at 25
• C in the dark, while stirring at 15 min intervals. Next, trichloroacetic acid was added, and the samples were left on ice for 15 min. The tubes were then centrifuged at 10,000 × g for 5 min to obtain protein precipitation. The precipitated proteins were subsequently washed 3 times with ethanol-ethyl acetate (1:1, vol: vol) to remove unreacted DNPH. The final protein pellet was dissolved in guanidine hydrochloride and incubated at 37
• C for 10 min. The absorbance at 367 nm was corrected for the absorbance in the HCl blank, and the nanomolar concentration of carbonyl derivative per milligram protein was calculated using the extinction coefficient of 22,000·M −1 ·cm −1 .
Animals and Experimental Design
All experimental procedures involving animals were approved by the Nanjing Agricultural University Institutional Animal Care and Use Committee. In all, 400 one-day-old Arbor Acres broiler chicks (initial weight, 47.48 ± 0.31 g) were obtained from a commercial hatchery (Anhui Hewei Agricultural Development Co., Ltd., Anhui, P. R. China) and randomly assigned to 5 treatment groups with 8 replicates (cages) of 10 birds each (5 males and 5 females per cage). Birds in the control group (CON) were fed diet containing NHSBM. The HSBM groups were fed diets containing 1 of the 4 heated SBMs for 42 d. The formulation and calculated nutrient levels of the experimental diets were shown in Table 1 . The mash feed was prepared by mixing corn flour, NHSBM or HSBMs, and other raw materials in a double-shaft mixer (SSHJ0.2 Model; Liyang Yuda Machinery Co., Ltd., Jiangsu, P. R. China). Birds were allowed free access to water and the mash feed in 4-level cages (130 cm × 65 cm × 50 cm; 0.085 m 2 per chicken for days 1 to 21; 0.094 m 2 per chicken for days 22 to 42) in a temperature-controlled room with 24 h continuous lighting. Each cage was equipped with long slot-type feeders and water cups. The temperature of the room was maintained at 32 to 34
• C for the first 3 d and then reduced by 2 to 3
• C per week to a final temperature of approximate 20
• C. At days 21 and 42, birds were weighed, and the feed intake was recorded in replicate to calculate the average daily feed intake (ADFI), average daily gain (ADG), and feed-to-gain ratio (F:G).
Sample Collection
At days 21 and 42, 1 male bird per replicate was randomly selected (8 birds per treatment in total), and feed was withdrawn for 12 h before the measurement of body weight. Blood samples were obtained from the wing vein of birds, plasma was separated by centrifugation at 1000 × g for 15 min, and stored at −20
• C until analysis. After blood sampling, birds were euthanized by cervical dislocation. The liver of broilers was removed and stored at −20
• C for further analysis. Subsequently, the duodenal, jejunal, and ileal mucosa were collected carefully and frozen in liquid nitrogen for further analysis.
ROS Level Measurement
The ROS levels in plasma and tissues of broiler chickens were detected using an ROS assay kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, Jiangsu, P. R. China) according to manufacturer's instructions. Briefly, the tissues were defatted, and the blood, blood vessels, necrotic tissues, and fibers were carefully removed. They were then washed 3 times with ice-cold saline, placed on a cold glass plate, and then scraped off very gently by using a scalpel. The minced scrapings were dropped into a 50-mL centrifuge tube containing 30 mL ice-cold phosphate buffered solution (PBS). The cells formed small clusters of tissue. They were disaggregated by pipetting. Within 30 min, most of the cells were well dispersed. The suspension was centrifuged at 75 × g for 2 min. The supernatant was removed, and 20 mL fresh PBS was added to the loosely packed cell sediment; the cells were resuspended by gentle shock. The plasma and single cell suspensions were incubated with dichlorofluorescein diacetate (DCFH-DA; 10 μmol/L) at 37
• C for 30 min. The DCFH fluorescence of the mitochondria was measured at emission and excitation wavelengths of 530 and 485 nm, respectively, by using an FLX 800 microplate fluorescence reader (BioTek Instruments Inc., Winooski, VT). The results were expressed as the mean DCFH-DA fluorescence intensity over that of the CON group.
Antioxidant Status Measurements
Approximately 0.3 g of tissue samples were homogenized (1:9, wt: vol) with ice-cold 0.9% sodium chloride buffer by using an Ultra-Turrax homogenizer (Tekmar Co., Cincinnati, OH) and then centrifuged at 4550 × g for 15 min at 4
• C. The serum and tissues (0.9% sodium chloride buffer to produce a 10% tissue lysate) were used for assaying the activities of total SOD, total antioxidant capacity (TAC), GSH-Px, and total protein by using a 1200 UV spectrophotometer (Mapada Instruments Co., Ltd., Shanghai, China) according to the instructions of the commercial kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, Jiangsu, P. R. China). The SOD activity was measured using the xanthine oxidase method, and 1 unit of which was defined as the amount of SOD required to produce 50% inhibition of the rate of nitrite production at 37
• C. The TAC activity was measured using the method of ferric reducing/antioxidant power assay. The GSH-Px activity was measured using the dithio-nitro benzene method, and 1 unit was defined as the amount of enzyme that would catalyze the conversion of 1 μmol/L of glutathione (GSH) to oxidized GSH at 37
• C in 5 min. The content of residual GSH was then measured using 5 -5-dithiobis-(2-nitrobenzoic acid).
Measurement of Lipid Peroxidation
Lipid peroxidation, expressed as MDA concentration, was determined using a methane dicarboxylic aldehyde assay kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, Jiangsu, P. R. China), according to manufacturer's instructions. The serum and tissues were processed in the same manner as mentioned above, and the MDA concentrations were calculated using the thiobarbituric acid (TBA) method. The MDA-TBA mixture produced during the reaction of MDA in samples containing TBA was measured at 535 nm (Mapada Instruments Co., Ltd., Shanghai, China).
RNA Extraction and Real-time Quantitative PCR
Total RNA was extracted from liver and jejunum samples by using the RNAiso Plus kit (TaKaRa Biotechnology Co. Ltd., Dalian, China). The purity and quantity of total RNA were measured using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Total RNA was treated with DNase I (TaKaRa Biotechnology Co. Ltd., Dalian, China) for DNA removal and reverse transcribed to cDNA by using the Prime Script RT Master Mix kit (TaKaRa Biotechnology Co. Ltd., Dalian, China). Realtime PCR was performed using the ABI7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) by using the SYBR Premix Ex Taq kit (TaKaRa Biotechnology Co. Ltd., Dalian, China). The primer sequences used are listed in Table 2 . Optimized cycling conditions of all genes were 95
• C for 30 s, 40 cycles at 95
• C for 5 s, and 60
• C for 34 s, and fluorescence signal collection at 60
• C. All measurements were completed in triplicate, and the average values were obtained. The mRNA level of each target gene in chickens fed the CON diet was assigned a value of 1, and relative levels of mRNA expression were calculated using the 2(-Delta Delta C(T)) method after normalization against the reference gene β-actin (Livak and Schmittgen, 2001 ). Protein carbonyl contents of non-heated soybean meal (NHSBM) and soybean meal heated at 100
• C for 1, 2, 4, and 8 h (HSBM-1, 2, 4, and 8 h, respectively). Means with the same lowercase letters are not different at P < 0.05 (mean ± SE, n = 3).
Statistical Analysis
All data were analyzed in a completely randomized design by using ANOVA with Tukey's test (SPSS, 2008) . Polynomial contrasts were used to determine the linear effects of dietary HSBM inclusion level. The differences observed were significant when P < 0.05.
RESULTS
SBM Protein Oxidation
The effects of heat on SBM protein oxidation are shown in Figure 1 . HSBMs had significantly higher PC formation (9 to 13 nmol/mg) when SBM was heated from 2 to 8 h (P < 0.05).
Growth Performance
Broilers fed HSBM-4 h and HSBM-8 h showed lower ADG and higher F:G than those of the CON group during the overall experimental period (days 1 to 42, P < 0.05; Table 3 ). The ADFI by broilers decreased linearly with an increase in heating time (1 to 8 h) of dietary HSBMs during the grower phase (P < 0.05). No differences were observed in the other performance parameters among the groups in this trial (P > 0.05).
ROS and TAC Levels
There were no changes in ROS observed in plasma, liver, duodenum, jejunum, and ileum of broilers sacrificed at days 21 (P > 0.05). However, when broilers were sacrificed at days 42, plasma, liver, and jejunum ROS levels were higher (P < 0.05) for broilers fed HSBM-8 h than those fed CON diet (Table 4 ). The TAC activity was lower (P < 0.05) in the plasma and jejunum of broilers fed HSBM-8 h than broilers fed the CON diet (Table 5) . Changes in ROS levels were also observed in broilers sacrificed at days 42. The ROS levels increased, whereas TAC activity decreased linearly (P < 0.05), with heating time of dietary HSBMs.
Antioxidant Status
No significant changes were observed in SOD activity in the plasma, liver, or small intestines of broilers fed HSBMs when compared to those fed CON at days 21 (P > 0.05). However, at days 42, the total SOD activity in the plasma, liver, and jejunum was lower (P < 0.05) for broilers fed the HSBM-8 h diet than those fed the CON diet (Table 6 ). The SOD values observed decreased linearly (P < 0.05) with the heating time of dietary HSBMs.
The GSH-Px activity in the plasma, liver, and jejunum was also observed to be lower (P < 0.05) for broilers fed HSBM-8 h than broilers fed the CON diet (Table 7) . Its activity was also found to decrease linearly with heating time of dietary HSBMs.
MDA and PC Contents
The MDA concentration in the plasma was higher (P < 0.05) for broilers fed the HSBM-8 h diet than those fed the CON diet at days 42 (Table 8) . Its concentration increased linearly (P < 0.05) with the heating time of dietary HSBMs.
The PC content in the plasma, liver, and jejunum was higher (P < 0.05) for broilers fed the HSBM-8 h diet than those fed CON diet at days 42 (Table 9 ). The PC content increased linearly (P < 0.05) with heating time of dietary HSBMs.
RNA Expression
The mRNA level of Nrf2 in the liver and jejunum was lower (P < 0.05) in broilers fed the HSBM-8 h diet than in those fed the CON diet at days 42 (Table 10) . However, the mRNA expression levels of other measured genes did not differ among the groups (P > 0.05).
DISCUSSION
Heating is one of the most common and widely used methods in feed production to improve the nutritional value of soybeans and SBM because it destroys trypsin inhibitors and other anti-nutritional factors that might be present in raw soybeans (Liener, 1994; Purushotham et al., 2007; Goebel and Stein, 2011) . Depending on the Table 6 . Changes in total superoxide dismutase (SOD) activities of broilers fed diets containing non-heated soybean meal (SBM) and heated SBMs. intensity of heat treatment, the nutritive value of proteins might be adversely affected (González-Vega et al., 2011) . In the present study, heat treatment was found to cause a time-dependent increase of PC formation in HSBMs. The amount of PC in HSMB-8 h was greater than that in NHSBM. Our findings were similar to those of Wu et al. (2014) and Zhang et al. (2017) who also reported that heat treatment at 100
• C caused a significant increase in PC of soybean protein isolates. The PC can be introduced into proteins via the oxidation of AA residues, such as threonine, cysteine, lysine, and histidine (Berlett and Stadtman, 1997; Wu et al., 2009 ). The PC, commonly used marker of protein oxidation, has been detected in meat and dairy products (Srinivasan et al., 1996; Vuorela et al., 2005) . Therefore, SBM could be oxidized by heating as evidenced by the increase in PC content.
Previous studies have shown that oxidized soy protein adversely affected the growth, digestive function, antioxidant status, and immune function of broilers (Wu et al., 2014; Zhang et al., 2016) . In this study, the ADG was decreased, whereas the F:G was increased in broilers during the grower and overall growth phases as the heating time of dietary HSBMs increased. The HSBMs also induced an increase in the levels of ROS in the plasma, liver, and jejunum, which was in agreement with the results of Tang et al. (2012b) . Overproduction of ROS has been closely related with oxidative stress, which is characterized with a major shift in the cellular redox balance and usually accompanied by ROSmediated damage (Valko et al., 2007) . As the principal product of polyunsaturated fatty acid peroxidation, MDA, which is excessively produced by increased level of ROS, is generally known to be a marker of oxidative stress in cells (Del et al., 2005) . The ROS can also lead to protein oxidation (Berlett and Stadtman, 1997; Dean et al., 1997) , and PC content is the most general indicator and the most commonly used marker of protein oxidation (Renkema et al., 2002; Wu et al., 2009) . Increased production of ROS is known to play a major role in oxidative stress, which might cause oxidative modifications to lipids and proteins (Hensley et al., 2000, Schieber and Chandel, 2014) . The MDA and PC levels in the plasma, liver, and jejunum were found to be higher in the HSBM groups. The MDA generated during the oxidative destruction of lipid hydroperoxides can produce strong inter-molecular crosslinks and damage proteins or DNA bases, which might be involved in the pathology of various diseases (Spiteller, 2001) . Results of the present study suggest that HSBMs might be related to an inferior growth performance, overproduction of ROS, and induction of oxidative stress.
Oxidative stress might occur owing to either the overproduction of ROS or decrease of cellular antioxidant levels (Jayaraj et al., 2006) . Free radicals and ROS generated in tissues and sub-cellular compartments are efficiently scavenged by the antioxidant defense system, which constitutes antioxidant enzymes such as SOD and GSH-Px (Matés et al., 2000) . The TAC is also considered as an important indicator of antioxidant capacity (Yang et al., 2008) . In the present study, the HSBMs decreased the activities of SOD, GSH-Px, and TAC in the serum and tissues. An imbalance between ROS production and antioxidant level leads to oxidative stress, which is obvious from the compromised antioxidant defense capacity of broilers fed HSBMs diet. The current results are in agreement with those of previous studies showing a decrease in activities of GSHPx, SOD, and TAC in the serum and tissues of mice showing ROS-mediated damage (Tang et al., 2012b) . Furthermore, Moreno et al. (2005) showed that rats under oxidative stress showed decreased activities of GSH-Px and SOD in the liver and kidney. Taken together, the findings of the present study and those reported previously indicate that HSBMs stimulate ROS As a key transcription factor in antioxidant system, Nrf2 has been found to be ubiquitously involved in antioxidant processes (DeNicola et al., 2011) . Nrf2 plays an important role in cellular oxidative status through antioxidant response element-mediated induction of several phase 2 detoxifying and antioxidant enzymes (Ueda et al., 2008) . The present study confirmed and expanded this view. The findings of this study clearly indicated that HSBM-8 h significantly reduced Nrf2 mRNA expression level in the liver and jejunum compared with that in the CON group. Consistent with the decrease in Nrf2 mRNA abundance, the HSBM-8 h decreased the activities of SOD and GSH-Px in liver and jejunum. Similarly, previous studies have indicated that oxidative stress decreased Nrf2 protein level and its activity in mice (Morrison et al., 2010) , and decrease Nrf2 mRNA level and SOD activity in liver of broilers (Zheng et al., 2016) . However, the mRNA expression level of Keap1 did not show a corresponding increase in this study. Similarly, studies have shown that Nrf2 can be regulated independently of Keap1 (Li et al., 2012; Bryan et al., 2013) . Taken together, these results indicated that the poor redox status of the broilers fed HSBMs was associated with the decline of Nrf2 mRNA expression level.
In conclusion, the results in this study indicated that protein oxidation of SBM could be induced by heating, and protein oxidation of SBM negatively affected the growth performance and antioxidant status of broilers, and this negative effect was exacerbated with increasing heating time.
